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1.1 Biomedical Engineering [1]
*
 
Understanding the response of human tissues to externally imposed stress and 
strain is critical to improving the quality of life and health care. Examples include: i) 
Improvements in automotive safety devices such as air bags and seat belts depend on 
better knowledge of how human parts, and the whole body, respond to the stresses of 
impact, ii) Development of biomedical imaging techniques that observe in vivo tissue and 
organ responses to stresses and strains could be used to assess whether a tissue is 
functioning correctly or needs urgent care when the stress-strain patterns were 
characterized, iii) Development of synthetic prosthetic devices and in vitro regenerated 
tissues require scaffolds that duplicate mechanical properties of native tissues, iv) 
Development of simulators that train next-generation physicians and development of 
robotic procedures both depend on models of the tissue stress-strain response.
                                                          
*




1.2 Viscoelastic Models [1] 
For the many reasons stated above, significant efforts have been focused towards 
developing models of stress-strain behavior of biological materials. The efforts reveal 
that the biological tissues show a more complex mechanical behavior than polymers, 
plastics, and metal films [2-14] and they are also found to be anisotropic [15-18]. Hence, 
conventional models cannot be used to represent these materials.  
Many viscoelastic models have been proposed to describe the behavior of 
biological materials. Fung [3] introduced the Quasi Linear Viscoelastic (QLV) model 
which was the most utilized phenomenological model of viscoelastic behavior. It was 
subsequently modified in order to comply with other requirements by many others [9, 19-
24]. Unfortunately, the QLV models were incapable in modeling nonstationary, 
nonlinear, and confounding aspects of the viscoelastic deformation and relaxation 
mechanisms of biological tissue structures [4-9]. Alternatively, the classical spring-
dashpot constitutive models have also been modified to include nonlinear elastic 
behavior. But, they did not perform in a way that reflected either the mechanistic 
understanding or phenomenological fidelity of the biological materials such as reduction 
in the cross sectional area of the material when stretched, etc, [25-29]. In this project, a 
simple, flexible, useful, mechanistic, and accurate model that is comprised of several 
pseudo-components which reflect distinct mechanisms of the biological tissue was 
developed. The model will be tested on a variety of synthetic polymeric tissue substitutes 
and naturally formed matrix rich in collagen fibers. These choices are designed to express 




1.3 Objective [1] 
There are four aims in the modeling vision of this work:  
First: Tissue stress relaxes in time under constant strain. Also, tissue shape progressively 
deforms under constant load and tissues gradually return toward original structure when 
external stress or strain is relieved. Because of all the above stated reasons time-
dependent (viscoelastic) models are required. The time-dependent behavior also depends 
on the stress-strain history. Further, since tissues are comprised of several participating 
structures (cells, matrix, fibrils, etc.), each having an individual mechanism; a multi-
component, viscoelastic model is required. Also, since tissue properties are not constant; 
nonlinear, multi-component, viscoelastic models are required. Finally, since many tissue 
components do not relax fully to the original internal structure, the commonly employed 
dashpot element (which lets the spring return to zero stress) is inappropriate. New 
constitutive relations are required for the nonlinear, multi-component, viscoelastic 
models. This work has devised appropriate nonlinear viscoelastic relations and a pseudo-
component approach for modeling the viscoelastic behavior of complex tissue structures. 
 
Second: Optimizing viscoelastic model parameter values to best match the model with 
the experimental stress-strain-time data is difficult because of the presence of multiple 
local optima. This makes the approaches to the minima often exasperatingly slow (even 
with classic best practice nonlinear optimizers such as Rhinehart modified Levenberg 
Marquardt optimization technique). Further, optimization must include constraints on the 
parameter values, suggesting that direct search methods may be more appropriate than 
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gradient based methods. Accordingly, techniques such as best-of-N starts [30] should be 
investigated for determining the probable global optimum subject to multiple constraints. 
This work will explore the applicability of emerging optimization techniques for 
obtaining model parameters that better fit the experimental data.  
A new optimization technique called Leapfrogging is also explored [31]. This 
technique starts with a set of players (trial solutions) located randomly in the decision 
variable (DV) space. During every iteration, this technique relocates the position of the 
players by reflecting the player with the worst objective function (OF) value across the 
player with the best OF value. Test cases on this technique revealed that this technique 
gave better optimized values when compared to other techniques with lower function 
evaluations. 
 
Third: Macro-scale models can be used to reject or accept proposed constitutive relations 
of the micro-scale. However, classic regression techniques that accept a “best” model are 
related to minimizing the overall sum-of-squared-deviations relative to the number of 
model parameters. These techniques do not indicate whether the constitutive relations 
within a model are right or wrong. A better model (in a least squares sense) does not 
mean either that a mechanism has been identified or that a parameter value has 
interpretable meaning. This work will apply qualitative techniques to judge the utility and 
appropriateness of models. 
 
Fourth:  Viscoelastic results reported in literature depend on regression optimization 
parameters and choices, and on how assumptions are incorporated in the models. As a 
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result, the literature lacks consistent analysis. This work will develop pseudo-component 
models and a nonlinear optimizer in Visual Basic for Applications, which is included in 
Microsoft Excel®, and the code will be available to the community, providing convenient 
access, commonality of communication, and an open system for others to add pseudo-
component constitutive relations. 
However, within the scope of this thesis the pseudo-component element models 
optimization algorithm had already been developed. This work 
1) Explored appropriate model architecture of pseudo-component elements. 
2) Evaluated optimizer performance. 
3) Explored translation of the models from sequential strain-and-hold stages to 
predict cyclic loading behavior. 
4) Explored model fitting to multiple samples simultaneously. 






Failure of organs, loss of tissue due to trauma and disease are some of the most 
serious problems in health care of human beings [32]. On an average, in the USA, each 
year at least 8 million surgical procedures are conducted to address failure of organs and 
tissue care, whose cost exceeds $400 billion every year [33]. Organ replacement has been 
the technique that was used in most of the places to treat organ loss [34]. The Ohio Solid 
Organ Transplantation Consortium (OSOTC) established in 1984 by the Ohio 
Department of Health conducted almost 5,000 transplant candidate reviews, out of which 
2,300 patients acquired nonrenal organ transplantation over a span of 15 years [35]. 
According to the statistics from United Network of Organ Sharing (UNOS) the number 
of people needing organ transplantation is almost twice the number of donors available 
[36]. Reconstructive surgery is also being performed of late for correcting disorders like 
hemi-facial palsy [37]. Chronic discomfort is a long-term problem that results due to 
surgical reconstruction [38]. However, the techniques mentioned above are not the best 
solution for treating organ loss or tissue replacement. Organ transplantation remains a 
challenge because of the infection caused after organ transplantation [39] and also due to 
donor shortage. In order to provide alternative treatment solutions the field of Biomedical 
Engineering was developed. 
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2.1 Tissue and Biomedical Engineering 
Tissue Engineering is developed as an interdisciplinary field which combines the 
knowledge of life sciences and engineering towards aiding organ or tissue repair or 
replacement [33]. It has been found that one probable solution for tissue regeneration can 
be the usage of biodegradable scaffolds [40]. Scaffolds generated after removing the 
cellular components from tissues [41] or from synthetic or natural polymers [42] have 
been used for the purpose of tissue regeneration. Biocompatibility and biodegradability 
are two essential qualities that the tissue scaffold should possess so that long-term 
complications are not encountered [33, 43] and also they should aid in favorable 
interaction between cells [32]. Many materials were investigated for this purpose and it 
was found that polymers had a variety of properties that were adjustable and hence the 
usage of polymers for scaffold formation was further explored [32].  
 
2.2 Natural Matrix 
All naturally occurring matrices and their chemical derivatives belong to this 
group. Their usage in tissue engineering is because of their availability, biocompatibility 
and biodegradability. Many natural polymers like chitosan, gelatin and 
glycosaminoglycans are used in tissue engineering applications [32].  
Chitosan tends to form a porous structure by the process of lyophilizing and 
freezing chitosan solution [32]. It has the advantage of helping in anti-microbial activity 
[44]. Chitosan has the disadvantage of possessing very low break strain [45] and also 
becomes very rigid and brittle in comparison with soft tissues [32]. The anti-bacterial 
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functionality of chitosan makes it required in the field of tissue engineering. In order to 
enhance the polymer properties other polymers are blended with chitosan to make 
scaffolds [46]. Scaffolds made from both gelatin and chitosan were examined for their 
usage in tissue regeneration [47], bone tissue and cartilage tissue regeneration [48]. The 
synthetic analogue of gycosaminoglycans is dextran sulphate. Dextran sulphate is derived 
from dextran [32] . The advantage of dextran sulphate is that it can be used as an 
anticoagulant, replacement for blood plasma [49] and also for hydrogel formation which 
is very widely needed in tissue engineering [50-51].  
The advantage of naturally formed matrices is that they facilitate cell attachment 
and differentiation and the disadvantage is that they have large batch production 
difficulties [52]. Also scaffolds formed by using natural polymers turn out to be 
mechanically weak in delivering the body tissue stresses [53]. The disadvantages of 
natural polymers led to the exploration of synthetic matrixes as scaffolds [5, 45, 54-56].  
Small Intestine Sub mucosa (SIS) is a natural scaffold that is used widely in tissue 
engineering applications. It is isolated from bovine intestines after the muscular, serosal 
and mucosal layers are removed from the intestine. SIS finds its application in bladder 
augmentation [57], hernia repair [58-59] and wound healing [60]. However, the usage 
prediction of SIS in the field of tissue engineering cannot be with a high level of 
confidence because of the production of large sets of very similar samples [40]. The 
natural polymer gelatin which is derived from collagen is explored widely for use in 
tissue engineering because of its extensive nature to form gels when in combination with 




2.3 Synthetic Matrix 
Synthetic matrices are chemically synthesized from monomers possessing various 
functional groups [32]. Their usage in the field of tisssue engineering has been examined 
for more than 10 years [64-65]. Synthetic matrices were formed from biodegradable 
polymers such as PolyLactic Acid (PLA), polycaprolactone (PCL), PolyGlycolic Acid 
(PGA), PolyLactic-co-Glycolic Acid (PLGA) [66-67]. The advantage of using a synthetic 
matrix is that it makes production in large scale reliable and practical as it provides good 
control over its own properties. The disadvantage of synthetic matrices is the difficulty in 
matching its mechanical properties to human tissues. This has initiated the search for 
other techniques in order to develop novel biomaterials. One technique to solve this 
problem was to blend natural and synthetic polymers which will result in scaffolds 
having a wide range of properties and scaffolds having mechanical properties that can be 
adjusted [56, 68-69]. The various techniques used to blend the polymers were grafting 
[70], freezing and freeze drying [71]. Pok et al [72] explored the scaffold formed by self 
assembled PCL for tissue engineering applications.  
PCL and PLGA were of specific interest to the current study. Synthetic PCL [73-
74] created lots of interests in the biomedical field [75], as it proved to be compatible 
with both soft and hard tissues [76]. Low melting point, good mechanical properties, 
ability to adapt its properties to the tissue requirement by adjusting its molecular weight 
created more interests and attracted it to the field of tissue engineering [77]. PCL 
matrices formed after dissolving them in chloroform showed that they could be elongated 
up to 1000% before they break [78]. The disadvantage of PCL is its poor wetting 
characteristics because of which uniform distribution of cell adhesion molecules and 
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proteins does not happen [79]. Also, because of poor cell adhesion their regulation in 
cellular activity is poor [80]. Hence, PCL is widely used as a tissue engineering 
template[79]. In order to improve these properties, grafting PCL with RGD peptides was 
attempted [81-82]. However the growth factor activity of the substrate along with cell 
migration of the substrate and proliferation of the substrate to regulate the biological 
response had to be addressed [32]. 
PLGA is a copolymer that is formed from two monomers, lactic acid and glycolic 
acid both of which can deal with the human body easily. PLGA can easily be 
decomposed into its two monomers on hydrolysis [40]. The individual composition of the 
monomers in PLGA can be varied [40]. Out of all the compositions, PLGA formed using 
50% glycolic acid and 50% lactic acid exhibits fastest degradation [71]. 
 
2.4 Formation of scaffolds [40] 
There is no single ideal fabrication method to form scaffolds. Each method has its 
own advantages and disadvantages. The fabrication technique for a scaffold extensively 
depends on the native tissue that needs to be regenerated. The fabrication techniques used 
for formation of scaffolds are 3D printing [83-84], freeze drying [85], gas foaming [86] 
and solvent casting and particulate leaching (SCPL) [87-88].  
The major disadvantage with SCPL technique is that it uses organic solvents 
which need to be completely removed before the cells are seeded onto the surface of the 
scaffold in order to avoid damage of the cells [89]. The usage of organic solvents was 
done away with gas foaming technique. This technique uses compression molding to 
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generate a disc shaped structure that was made from a polymer of specific interest. The 
discs that were formed were then exposed to carbondioxide at high pressure to form 
sponge like structures [89]. 
3D printing uses 3D design developed using CAD software [83-84]. The 3D 
design is then used to form scaffolds by using ink jet printing of the desired polymer 
melt. The major advantage of 3D printing is that the pore size and the porosity of the 
scaffold can be adjusted and controlled as per the user’s choice [89].  
Freeze-drying is the most common and fastest method used to form porous 
structures from the desired polymers [40].  
 
2.5 Mechanical Analysis 
It is important in the field of tissue engineering to focus studies on properties of 
scaffolds like measuring porosity and degradation characteristics of the scaffold and the 
materials used to make scaffolds. Studies on the chemical properties of scaffolds show 
that scaffolds possess properties like cell-binding sites which help in cell attachment. 
Physical properties of scaffolds like void fraction and pore size stand as cues to help in 
cell colonization [90]. Studies also show that the surface features of scaffolds like 
grooves, roughness and edges also have an impact on cell behavior [91-92]. Advances in 
the area of scaffolds also showed that cells having different origin react in a different 
manner to the variations in architecture like topographies and pore features [92-93]. The 
stiffness of the scaffold material used for making scaffolds has an influence on the 
cellular activity [94-96]. All these properties for a particular scaffold can be studied only 
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by conducting various mechanical testing experiments on the materials of interest. 
Mechanical analysis of the scaffold is necessary apart from studying its degradation 
characteristics because the tissues that the scaffolds are going to replace possess varied 
mechanical properties and characteristics depending on the function they perform based 
on their location in the human body [40]. Typically for synthetic scaffolds, the 
mechanical analysis includes conducting compressive, tensile and cyclic tests. 
 
2.5.1 Compression Test 
This test is conducted to study the behavior of scaffold materials under extensive 
compressive loads. The material of interest is compressed followed by deformation under 
varying loads and the deformation values are recorded. Conducting this test is necessary 
because many tissues in the human body, e.g. cartilage in the elbow are subjected to 
extensive compressive loads during regular daily activities. Although this is important, 
this work only explored tensile test. 
 
2.5.2 Tensile Test 
This test is a basic test conducted on the materials. This is also called tension test. 
It often involves stretching the material of interest at a constant rate or until the material 
fractures or breaks.  
An elastic material is one which snaps back to its original structure when the 
externally imposed strain or stress is removed.  The stress-strain plot for the elastic 
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material shows a linear behavior (Figure 2.1). The elastic materials are found to follow 
“Hooke’s Law”.  The slope of the line is called the Elastic Modulus. 
                
      
      
 
The stiffness of an elastic material is given by its Elastic Modulus value.  
The stress-strain curve is linear until the point where Hooke’s Law is applicable. 
After that point the material is no longer elastic and it exhibits permanent deformation. 
This region is called Plastic Region (Figure 2.1). This point is called the proportionality 
limit or the elastic limit for the material. In the plastic region the material is said to 
behave as a plastic material e.g. Polyether Terepthalate [97]. 
 
Figure 2.1. Stress-strain curve for a ductile material 
 
2.5.3 Cyclic Test 
Many day-to-day activities, eg. swinging of the arms and walking are repetitive in 
nature. Conducting cyclic test helps in better assessment of the mechanical behavior of 
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the tissues [19]. For conducting this test the material is first loaded to a predetermined 
level of stress and then the applied stress is removed. This process is repeated several 
times in a cyclic manner to mimic activities like the swinging of an arm.  
All these tests do not completely describe the scaffold materials mechanical 
behavior. Majority of the tissues exhibit viscoelastic characteristics and hence it is 
important to study the viscoelastic properties of the synthetic scaffold material. 
 
2.6. Viscoelasticity 
Various tissues in the human body possess structures that are specific to the 
function they display like digestion, breathing, etc. The heart contains muscle tissues that 
help it to pump blood from and to all the other organs in the body. The fibrous tissue in 
the heart along with other tissues help in the regulation of the rhythmic beating of the 
heart [40]. All tissues exhibit viscoelastic and nonlinear elastic characteristics [98]. The 
human skin possesses viscoelastic properties [98]. The bone, which acts as a connective 
tissue is also modeled as an elastic material [99-100]. Similarly, cartilage which is 
another type of connective tissue is modeled as a quasilinear [101-102], linear [103-104], 
nonlinear [105] viscoelastic material [106]. Soft tissues like fascia, ligaments, nerves, 
blood vessels etc that encounter large deformations, are incompressible and also display 
nonlinear material behavior [2, 10-13]. These soft tissues rather than exhibiting pure 
elastic material behavior [14], exhibit viscoelastic property and they are also found to be 
anisotropic [15-18].  
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A material is said to possess viscoelastic property if it displays both elastic and 
viscous properties while stress is applied on them in order to deform them. Storing and 
dissipating energy later is one characteristic of viscoelastic materials. The other 
characteristics of viscoleastic materials include stress relaxation, hysteresis and creep 
[Figure 2.2].  Stress relaxation is seen in a material when it is subjected to constant strain 
rate over a particular period of time, held at that particular strain for a while and is finally 
relaxed once the peak stress is attained for that particular strain during the entire hold 
period. Hysteresis is the phase lag correlated to mechanical energy dissipation associated 
with the stress strain relationship for the material, which is subjected to constant loading 
and unloading. Creep can be explained as the material deformation when constant stress 
rate is applied. Creep can be thought of as the opposite of stress relaxation. Quite ideal, 
that stress returns to zero when strain returns to zero. If the film “gives” then returning to 
original zero strain requires compression. 
 
Figure 2.2 Stress-strain curve for a viscoleastic material 
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Many studies have been conducted to understand the viscoelastic behavior of 
scaffolds [5, 13, 107-109] but in order to understand the material mechanisms all these 
studies remain insufficient.  
 
2.7 Viscoelastic Tissue Modeling Applications [1] 
2.7.1 Biomechanics Applications 
Biological tissues exhibit load-history-dependent and time-dependent  mechanical 
behavior. Many soft tissues like tendons, muscles, fascia, nerves, synovial membranes 
ligaments, fibrous tissues, blood vessels, and fat undergo large deformations, are nearly 
incompressible, and display nonlinear material behavior [2, 10-13]. Biological tissues 
which are anisotropic are found to exhibit viscous and elastic behaviors [15-18].  
Viscoelastic materials usually store and dissipate energy within multi-component 
complex molecular structures; producing hysteresis and they also allow stress relaxation 
and creep to occur. A full description of the mechanical response of the materials requires 
multi-component, nonlinear, viscoelastic behavior. 
 
2.7.2 Surgical Simulator Applications 
Image-guided surgery improved the recovery time, decreased trauma and reduced 
health care costs significantly. Also, robotic surgery has helped in precise localization of 
the target and has also helped in dissection without much of damage [110]. Soft tissue 
navigation involves a very complex process because of its high potential of damage. 
Simulation technologies have been developed in order to train new generation surgeons 
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[111]. Surgical simulators were developed provide haptic feedback and realistic visuals 
for effective surgeon training. However, for proper development of reality simulators a 
valid soft tissue viscoelastic model is required. In order to develop models accurate 
description especially of the biomechanical characteristics of tissues is required. During 
regular physiological function various organs such as large intestine, skin, small intestine, 
stomach, liver, and spleen are subjected to extensive stress-strain loads. However, at the 
time of surgery, they are subjected to different loading conditions. Viscoelastic modeling 
of tissue structures is required for conducting less invasive surgery and also to develop 
surgical robots [112]. Hence understanding the mechanical behavior of the organs is 
necessary.  
 
2.7.3 Tissue Engineering Applications 
 Development of prosthetic devices for diseased tissue replacement is increasing. 
Similarly tissue regeneration to address the scarcity of available tissues is also increasing. 
Biodegradable scaffolds are developed in order to account for the above requirements. 
The developed scaffolds should match and satisfy the mechanical properties of native 
tissues. In order to do this the viscoelastic behavior of tissues should be understood.  
 
2.8 Viscoelastic Models 
Viscoelasticity of the soft tissues were quantified using various models like the 
Voigt, the Maxwell and the Simple Linear Models [113]. Dominating the bioengineering 
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literature of viscoelastic tissue models is the Quasi Linear Viscoelastic (QLV) modeling 
approach published by Fung [3] in 1967.  
 
2.8.1 Quasi-Linear Viscoelastic (QLV) Model [1] 
QLV theory developed by Fung [3] assumed that for soft tissues, the 
instantaneous stress that results on the application of a ramp strain can be expressed as: 
                                         ( ) ( )* ( )
et G t         (2.1) 
Where, a convolution integral of the stress relaxation function was used to express the 
stress relaxation behavior. The convolution integral (“*”) is given by 













      (2.2) 
where (t) is the stress at any given time instant, the reduced relaxation function is 





 and       stands for the 
instantaneous elastic response (the maximum stress that is in accordance with a strain ε 
which is given as an instantaneous step input).  The function G(t) stands as the stress 
response of the soft tissue which is time-dependent and normalized by the same stress 
that is present when strain is applied as step input. Practically, while conducting tests, it is 
considered that the applied strain history begins from time t=0. Hence, Equation. (2.2) is 
rewritten as  













      (2.3) 
19 
 
Fung, for the case of soft tissues introduced a generalized G(t) function equation which 
has the form  
                                       
   
 
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     (2.4) 
where C is a dimensionless parameter of the material that represents the magnitude of 
viscous effects that are present. The fraction of relaxation is also related to C. The time-
constants are represented by 1 and 2. They demark the limits of the long and short-term 
soft tissue material responses. Equation (2.4) represents G(t) as constructed on a 
continuous spectrum of soft tissue relaxation. The exponential integral function, E1(t/) is 
of the form  












                     (2.5) 
If there is sufficient time between τ1 and τ2 that τ1 << t << τ [23] , or if 1 sec  is the time 
duration [15], then Equation. (2.4) can be modified as 
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where   stands for the Euler constant. The value of  is 0.5772. If the cumulative value of 
the terms that belong to the infinite series is small, which is represented by (0), they can 




























      (2.7) 
Abramowitch and Woo [20] for modeling the collateral ligament that possessed 
viscoelastic behavior used QLV modeling as the basic. In their model the instantaneous 
stress response was represented by an exponential approximation [19, 23] 
                                                
 ( ) 1e BA e          (2.8) 
where A stands for the elastic stress constant which has units of stress (MPa), and B 
stands for the elastic power constant which is dimensionless.   
Toms, et al. [22] used an alternative stress relaxation function which was referred 
to as the Modified Quasi Linear Viscoelastic Model (MQLV).  In their model, the 
reduced relaxation function ,G(t) was defined as 
                                              ( )
    bt dt htG t ae ce ge      (2.9) 
where a, b, c, d, g and h represent the parametric constants.  The analytical solution is as 
shown in [114]. 
For both the models, nonlinear regression was used to determine the values of 
parametric constants. Typically in the literature for regression to obtain model coefficient 
values, one of several algorithms available from Excel Solver or a Levenberg-Marquardt 
algorithm, with the code written in either Mathematica or Matlab or other similar 
software packages is used .   
21 
 
Unfortunately, several aspects of the QLV model prove the model to be 
inapplicable to the nonstationary, nonlinear and confounding aspects of the viscoelastic 
deformation and relaxation mechanisms of biological tissue structure [4-9]. 
 
2.8.2 Criticism of Current Approaches to Viscoelastic Modeling.[1]   
The criticisms to the current approaches were as follows: 
1. Equation (2.8) is nonlinear. This violates the linear requirement condition of the 
convolution integral. Most of the work seen in the current approaches proves to be 
mathematically internally inconsistent. 
2. Assumptions used in Equation (2.6) to truncate and eliminate terms need to be 
verified after regression determines the model coefficient values. Validation of 
the regressed parameter values could not be seen in literature. 
3. The G(t) in Equation (2.4) assumes continuous spectrum of relaxation time-
constants, but none below τ1, and none above τ2, and an exponential population 
distribution in between. The stress relaxation function of [17] provides solutions 
that are tractable. Although these composite relations may be right, they take into 
account certain fundamental assumptions about the soft tissue material, which 
need to be verified.   
4. The shrinking cross-sectional area of the sample which ought to be included is not 
included in the QLV approach.  
5. The model parameters A, B, C, τ1, and τ2 do not have a direct relation between 
molecular structure and physical meaning. For example, a material cannot be 
designed with a particular τ2 value. 
22 
 
6. The QLV approaches model viscous behavior that result in permanent 
deformation but do not model a material that deforms when stressed and relaxes 
back to its original dimensions on removal of the stress.  
7. Although the G(t) function of Equation (2.6) takes into account the range of 
relaxation rates, that result from a range of stress relieving mechanisms, each of 
these mechanisms is accepted as possessing the same instantaneous σ/ε curve.   
8. The derivation for the models necessarily start loading from a relaxed stress-free 
state which precludes using the model developed for a subsequent strain after a 
partial relaxed period.   
 
2.8.3 Criticism of Current Approaches to Determine Model Parameter Values   
A basic problem encountered in the least squares regression approach for 
nonlinear functions is the major difficulty in finding the global optimum for the objective 
function as the function may have multiple local optima that completely divert or trap 
searches. It can be clearly seen that the solution obtained significantly depends on the 
initial guesses.  Further, the appropriate values for regression stopping criteria on the 
objective function (SSD), decision variables (model parameters), or their time increment 
needs an a priori knowledge of the data-equation system. Hence the model parameter 
values that result from nonlinear regression largely depend on the intital user choices, 






Another problem associated with modeling is the optimization stage. Research 
reports difficulty in optimizing viscoelastic model parameter values to best match the 
model with experimental stress-strain-time data. There are multiple local optima for the 
objective statement, and approaches to the minima are often exasperatingly slow (even 
with classic best practice nonlinear optimizers such as Levenberg Marquardt).  Further, 
optimization must include constraints on the parameter values, suggesting that direct 
search methods may be more appropriate than gradient based methods. Accordingly, 
techniques such as best-of-N [30] starts and direct search techniques have been 
investigated for determining the probable global optimum subject to multiple constraints. 
The applicability of emerging optimization techniques for model parameter adjustment is 
explored along with new regression approaches. 
A new optimization technique called Leapfrogging is also explored [31]. Test 
cases on this technique revealed that this technique gave better optimized values when 
compared to other techniques with fewer number of function evaluations [31]. 
Since there are multiple optima in this high dimensional nonlinear search, the 
optimizer is run for “N” times from a random set of initial model coefficient values. The 
value of “N” should be chosen properly in such a way that it is not too small that the 
optimizer is not able to capture the best model coefficient values within that range and 
not too big that the optimizer takes more time to get the best model coefficient values 
increasing the computational burden. Hence an appropriate value for the “N” should be 
calculated. The value of “N” is calculated [30] so that the best set out of the N results 
within the user defined probability stands as one of the best sets of model parameter 
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values out of all possible solutions. During each trial, out of the “N” trials the optimizer 
stops when there is no significant improvement statistically in the objective function, i.e. 
minimizing the sum of squared deviation of the model from the experimental data, 
relative to variance in the data [115-116]. Most of the optimization problems use a 
specific change in the decision variable or a specific change in the objective function as 
stopping criteria. But they require a prior knowledge of the objective function and are 
infected by human prejudice. Hence, this work uses a steady-state stopping criteria which 
observes sum of squared deviation of model data from experimental data, from a random 
subset at each iteration and stops when there is no statistical improvement in the sum of 






3.1 Modeling [1] 
Tissue stress relaxes in time under constant strain, and tissue shape progressively 
deforms under constant load. Also, portions of the internal structure of tissues gradually 
return toward the original structure when external stress or strain is relieved. Because of 
all these reasons stated above time-dependent viscoelastic models are required. The time-
dependent behavior also depends on the stress-strain history.  Further, since tissues are 
comprised of several participating structures (cells, matrix, fibrils, etc.), each having 
individual mechanisms; a multi-component, viscoelastic model is required.  Further, 
since tissue properties are not constant; nonlinear, multi-component, viscoelastic models 
are required.  Finally, since many tissue components do not relax fully to the original 
internal structure, the commonly employed dashpot element (which lets the spring return 
to zero stress) is inappropriate.  New constitutive relations are required for the nonlinear, 
multi-component, viscoelastic models.   
This work will demonstrate the validity of appropriate nonlinear viscoelastic 
relations and a pseudo-component approach for modeling the complex tissue structures.  
Six composite model types developed using various combinations of the pseudo-
components are used to examine the consistency of the composite model with 
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experimental data.  The composite models are developed using a combination of a hyper-
elastic spring or a spring-and-dashpot model along with total-relax-back-to-original 
structure or retain-the-as-stretched structure. 
 
Figure 3.1: Pseudo-Components 
 
The four pseudo-components used in this study to develop the composite models 
are shown in Figure 3.1. The 6 composite models identified as best for the tissues used in 
this study are developed from various combinations of 2 or 3 of these 4 components.   
 
3.1.1 Pseudo-Component Model Components [1] 
Although relaxation begins as soon as stress is applied, and continues until stress 
is relieved, the following illustration will separate the stages (externally applied 
stretching and internal relaxing) for convenience and clarity of communication.  The 
subsequent mathematical analysis will treat the two phenomena simultaneously. 
Consider a material with zero internal stress at rest that is not stretched (Figure 
3.2a).  Let the length of the original film be L0 with height H0 and width W0. Viscoelastic 
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components are those that are represented by line segments that are randomly oriented 
and demonstrate that the orientation is at a stress-free state. The line segments are termed 
“components” which symbolizes a general category of functional relationships.  For 
example, a line segment in a macromolecule could represent folded sections, which in 
response to strain could become unfolded.   
 
Figure 3.2. Viscoelastic Stress relaxation concept (a) material at rest (b) material 
elongated and stressed (c) material elongated and held while stress partially relaxes and 




When strain stretches the folded section as a result of application of external 
deformation, internal stress is created. The stretch in the folded section is represented as 
aligned components (Figure 3.2b).  The new length is now L=L0*(1+ε), and if the volume 
of the material remains the same, the lateral contraction creates new width and height of 
W and H respectively. The stress can be determined as, σ0 = F/(H0*W0) where F is the 
tensile force while ε represents the strain.  If held at length L, the stresses on the folded 
sections may cause them to unfold, partially alleviating the stress.  The unfolding may 
happen over time, as thermal motion permits, providing progressive relaxation to the new 
deformed state, as illustrated in Figure 3.2c. 
Thermal processes may lead to refolding when the external deformation is 
removed.  (Figure 3.2d).  This leads to a permanent elongation in the length of the film 
represented as Lequivalent (equilibrium length) but with the original random, stress-free 
structure.                                                       
The four pseudo-components shown in Figure 3.1 are discussed below.   
Pseudo-component 1: (Hyper-elastic Spring): This component characterizes the material 
in such a way that it does not relax internal stress.  According to this component the 
material rebounds to its original structure and size on removal of external load.  This 
component has a nonlinear stress response to the strain as shown in Figure 3.3, curve (a) 





Figure 3.3: Stress to strain relation of a hyper-elastic spring 
 
Pseudo-component 2: (Spring-and-Dashpot): This component does not account for the 
necking in of the material i.e. it does not account of the changes in W and H of the 
material when the length changes due to elongation. When held in an elongated state, the 
dashpot elongates and the spring returns to its original stress-free state (length). 
Pseudo-component 3: (Reform): As opposed to the spring-and-dashpot component, this 
component accounts for the necking in of the material i.e. it does account for the changes 
in W and H of the material when the length changes due to elongation. Partial 
reformation of the components in the material to their original orientation (Figure 3.2c) 
happens while the elongated material is held at length L. Prior to total relaxation if the 
external loading is removed, the material restores itself to an elongated state which is 
permanent (Figure 3.2d), which has the same internal structure as the original zero stress 
random orientation state. Lequivalent is the permanent elongated length.  Since the volume 
of the film is a constant and since the film original length L0 is lesser than Lequivalent (L > 
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Lequivalent > L0), the cross section area at this point is smaller than the original cross 
sectional area of the film. Yet, if the strain in Figure 3.2c when partial relaxation 
occurred, is not relieved, the expected stress would be that if the sample of original 
length, Lequivalent had been elongated to L. The strain would be (L-Lequivalent)/Lequivalent. 
Although there would be a distribution of orientations and unfolding kinetics, the pseudo-
component will be modeled as having average behavior. In the fully relaxed state, these 
components are oriented in a random fashion similar to the original sample. Once again 
when strain is applied it leads to the same stress response identical to that of the original 
sample, but with a lower cross sectional area. The reform component in Figure 3.4 
explains the stress behavior after the tissue material is relaxed according to this concept. 
Once the material undergoes total relaxation, it should have returned to its original stress-
strain orientation, and the reform in Figure 3.4 shows that there is right translation from 
the near-origin section where the impact of subsequent strain on subsequent stress will be 
as though the stress were starting completely fresh. 
 




Pseudo-component 4: (Retain): Like reform, retain also accounts for the necking in of 
the material because of reduction in cross-sectional area when the material is elongated. 
However, here, the material components retain the orientation that resembles a stretched 
orientation when the material is held at an elongated length, L. By arranging itself to a 
new structure orientation the material components relieve its stress. Even after relaxation 
occurred, if the application of strain is continued, the pattern for the stress will persist 
from the newly oriented structure. The retain component in Figure 3.4 explains the stress 
behavior after the tissue material is relaxed according to this concept. Figure 3.4 shows 
that subsequent strains act from the previously strained point. 
Combinations of these 4 pseudo-components are used to build composite models. 
 
3.1.2. Composite Models 
Each of the composite models describes a structure in which the pseudo-
components are acting in parallel (Figure 3.1). There are two aspects of the models that 
are needed to completely describe each of the composite models. One aspect describes 
the number of parallel pseudo-components that make up the composite model. The 
second aspect describes the type of each pseudo-component. Combined, the number of 
pseudo-components and the behavior of each is termed the model architecture. In the 
initial investigations of Mirani [40] and Kornkorn [32] several basic architectures were 
studied. Four types of Architectures are investigated in this work. 
Architecture A) 8 parameters – This structure has 4 elements set up in parallel where in 




Architecture B) 9 parameters – This structure has 3 elements in parallel each of which is 
a viscoelastic pseudo-component. In this architecture screening the viscoelastic 
components are all retain. 
Architecture C) 8 parameters – This structure has 3 elements in parallel out of which 
one is a nonlinear hyper-elastic spring while the other two are viscoelastic pseudo-
components. In this Architecture screening the viscoelastic components are all retain 
components. 
Architecture D) 11 parameters – This structure has 4 elements in parallel one of which is 
a hyper-elastic spring and the others were viscoelastic pseudo-components. In this 
Architecture screening the viscoelastic components are all reform components. 
Two criteria are used to select the best architecture.  They are 1) the sum of 
squared deviations (SSD) of the model predictions from the experimental data, and 2) 
simplicity of the model. Architecture A, even though it had 4 pseudo-components, was 
limited by linear stress-strain relations and could not capture the experimental stress data 
as well as the other three architectures.  Architecture B, regularly showed a very high  
(time constant) value for one component, which signifies that out of the three, one of the 
retain components did not relax, which in turn implies that it acts as a hyper-elastic 
spring. Architecture C explicitly uses a hyper-elastic spring as one pseudo-component 
achieving identical best fit as architecture B, but with one fewer parameter. Architecture 
D did not improve the fit to data relative to the undesired aspect of increasing the number 
of adjustable parameters. Accordingly, Architecture C as best and variations on it are 
selected for this work. 
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Within Architecture C, one pseudo component is a hyper-elastic spring, and the 
other two would be the 6 permutations of Pesudo-Components 2, 3, or 4 as follows: 
Composite Model 1: One hyper-elastic spring with two spring-and-dashpot components. 
Composite Model 2: One hyper-elastic spring with two reform components. 
Composite Model 3: One hyper-elastic spring with two retain components. 
Composite Model 4: One hyper-elastic spring with one retain and one spring-and-dashpot 
component. 
Composite Model 5: One hyper-elastic spring with one reform and one spring-and-
dashpot component. 
Composite model 6: One hyper-elastic spring with one reform and one retain component.   
 
3.1.3. Mathematical Statement [1] 
It is important that a mathematical statement is formulated for the composite 
models developed.  Figure 3.3 symbolizes for a pseudo-component an instantaneous 
nonlinear stress-strain relation which is modeled as, 
                                                      
                                                                (3.1) 
where “i” (subscript) represents the i
th
 pseudo-component. In this equation the 
coefficients A and B must have the same sign. In Figure 3.3, Curves a and b illustrate the 
plot when A,B < 0 and A,B > 0 respectively. 
Also, as far as this work is concerned each of the viscoelastic pseudo-component 
undergoing internal material deformation are modeled as having their rate of internal 
34 
 
stress relaxation of the order 1, which at infinite time tends towards complete relaxation 
of zero stress.  The relaxation model with no strain-rate-induced stress is, 
                                       
  
  
                                                            (3.2) 
As Figure 3.1 represents the material with internal deformation concept Equation 
(3.1) is the stress model when instantaneous strain at one stage is applied and the stress 
relaxation is revealed by Equation (3.2) if the soft tissue is held elongated for a period of 
time. Yet, when the material is relaxing, if it is strained at a particular rate, then 
derivations done rigorously enumerate that Equation (3.2) should also include the 
injection of internal stress at that particular rate, which happens as a result of the rate of 
external strain.   
   
  
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                         (3.3a) 
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               
  
  
                                 (3.3b) 
Equation (3.3a) is for the reform part of the recovery of stress of the internal 
structure, Equation (3.3b) is for the retain part which allows a stress relief. Equation 
(3.3a) is analogous to the spring-and-dashpot model owing to the term for reformation of 
the spring is allowed whereas Equation (3.3b) is not similar to spring-and-dashpot model, 
because of the fact that the “spring” cannot return to the state of zero elongation. 
Numerical methods can be used to solve Equations (3.3a) and (3.3b), and then any 
stress or strain history can be modeled. The stress of pseudo-component “i” (Equation 
(3.3a)) which is partially relaxed, at the completion of a t time increment, the strain-
equivalent on the film component can be determined by the inverse of Equation (3.1) 
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                                                         
  (




                                            (3.4) 
Equation (3.4) gives the value of strain-equivalent for a pseudo-component using which 
the equivalent length is calculated as 
                                                                                                        (3.5) 
The sample length at the next time instant, t, can be calculated from experimental strain, 
  as 
                                                                                                                    (3.6) 
and hence the new strain that is effective on the pseudo-component is 
                                                       
                 
         
                                                   (3.7) 
For each pseudo-component the stress vs. time is modeled by sequential 
application of Equations (3.3a), (3.6), (3.7) or (3.3b), (3.4) and then (3.5). As numerical 
methods are used to solve equations t should be small relative to the time-constants and 
the time periods taken for the corresponding changes in strain rate. This work uses 
Euler’s method for which t should be less than about one-tenth of the smallest time 
constant. 
Here, it should be noted that the measurement obtained as a result of tensile test 
experiment is not tensile stress but tensile force though the tensile tests report stress. The 
tensile force obtained here is represented as the sum of all forces attributed to each of the 
pseudo-components. 
Assuming that each of the pseudo-components retain a volume that is constant 
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upon deformation, and the contraction in each of the dimensions is uniform, and the 
length of the material L is long enough that the geometric end effects due to the clamping 
of the sample could be eliminated, the extension in length due to strain causes the cross-
sectional area to reduce to  
                                                     
  
     
                                                                    (3.8)  
If for an i
th
 pseudo-component having a representation as Equation (3.3a) and if it is 
relaxed to the equivalent length, the “original” area that is unstressed is 
                                                  
       
     
                                                                    (3.9)  
Hence the force due to the stress on i
th
 pseudo-component of Equation (3.3a) will be, 
                                                   
        
     
                                                       (3.10) 
The measured stress is determined by volume weighting using the volume fraction    and 
the ratio of sum of the forces due to each of the pseudo-components to the original area 
  , 
                                                      ∑
              
        
 
                                       (3.11) 
where “N” stands for the total number of pseudo-components 
It would seem that the volume fraction,   , and the stress-amplitude factor,   , 
from Equation (3.1) are independent model parameters.  However, when Equation (3.11) 
is written in terms of strain only, the two coefficients appear as a product.   
                                                  ∑
    ( 
        )        
        
 
                               (3.12) 
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Experimental stress-strain-time data cannot separate the functionality of    and Ai.  
Accordingly, the model coefficients that characterize the viscoelastic properties of each 
pseudo-component that are adjustable in the “AB” material will be the   Ai product, Bi, 
and τi. If the pseudo-components are identified and volume fractions are known, then τi , 
Ai , and Bi would be the adjustable model coefficients. However, the pseudo-component 
is not meant to represent one particular component, but the collective behavior of the 
integrated whole. This work proposes τi, the φiAi product, and Bi as the adjustable model 
coefficients. For convenience the φiAi  term will be shortened to just Ai. 
 At each time step, Δt, Equation (3.11) will provide the value of the superficial 
stress measured on the composite. One major asset of this time-incremental, numerical 
model vs. an analytical integrated model, is that for the time-dependent behavior rate of 
strain there are no assumptions. The computational algorithm using numerical model is 
not changed even when the strain rate is started, stopped, changed, or re-started. 
Accordingly the same model could be used for compression, and either cyclic or 
sequential stress or strain loading. Further, it is a simple task to replace the instantaneous 
stress-strain relation of Equation (3.1) and its inverse of Equation (3.4) with another 
relation, and to also not violate the convolution integral requirements in often-used 
viscoelastic models.  
In order to determine values of the model parameters that are adjustable, least 
squares regression using σ(t) and ε(t) data and the pseudo-component model that is 






3.2.1 Objective Statement 
Quantifying the viscoelastic behavior of PLGA, PCL, SIS is important. 
Optimization techniques are used for the quantifying this process. The objective 
statement for optimization is to minimize the deviation of the model data points from the 
experimental data points. The deviation is calculated as sum of square of the deviation 
(SSD) of the model from the experimental value. 
                                ∑                                
                                   (3.14) 
 
3.2.2 Decision Variables 
The decision variables i.e. the variables that are free to change in order to 
accomplish the objective statement are the model parameters of the Equation 3.12 namely 
A1, B1, A2, B2,   ,A3,B3 and    
 
3.2.3 Optimizers 
An algorithm is written in Excel/Visual Basic for the optimizers to accomplish 
stated/required the objective statement. The optimization techniques used are as follows: 
Cyclic Optimization Technique [117]: Cyclic optimizer belongs to the direct search 
class of optimizers. It evaluates the objective function value at every trial and does not 
require the value of the derivatives. This optimization technique was developed by Dr. R. 
Russell Rhinehart. This optimization technique involves the usage of heuristic factors. It 
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explores one DV at a time. During every new trial the optimizer moves forward 
expanding the step size of the decision variables if the direction of movement is towards 
the minimum, else it will reverse its direction and start contracting the step size of 
decision variables until it finds the correct direction. This technique takes one step at a 
time. The step may be either keeping or returning to the base case. It ultimately cycles 
through each DV. This algorithm for this optimization is simple to understand and is 
robust. 
Rhinehart modified Levenberg Marquardt Optimization Technique [117]: 
Levenberg-Marquardt optimization technique is one of the most widely accepted, 
balanced, and used optimizer. It is an efficient and robust optimizer. Levenberg-
Marquardt method uses Incremental Gradient (or Incremental Steepest Descent) method 
and as the minimum is approached it switches to Newton’s method. In order to define a 
smooth switch between the two methods, a scalar multiple [] of the identity matrix was 
added to the hessian matrix defined for the Newton’s method.  
For Incremental Steepest Descent method the incremental step size for the decision 
variable is defined as: 
                                                                                                                       (3.14) 
Where    
 

 is a scalar that defines the step size that the DV should take when it jumps 
from the previous DV value to the present, -    is the negative gradient of the function 
which points in the direction of steepest descent.  
Newton’s method uses the Hessian and the negative gradient to calculate the 
incremental step size as: 
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                                                            (3.15) 
Where    
   does two things adjusting the steepest descent direction to aim at a minimum 
and also determine the correct step size in order to jump to the minimum. 
Hence Levenberg- Marquardt is defined as: 
                                                                                                          (3.16) 
Where  is the scalar multiplier to the identity matrix. 
When  is large Equation (3.16) becomes an Incremental Steepest Descent method and 
when  is small it becomes Newton’s method. 
The choice of  is important for this method. The Levenberg Marquardt rules on 
the scalar are that whenever the movement is success it becomes half its original values 
in order to switch to Newton’s method and becomes twice its original value whenever the 
movement is a failure. The drawback of this method is choosing the scalar value because 
the effective use of this method depends on the order of magnitude of second order 
derivatives of the objective function in comparison to the scalar identity matrix. Also, the 
choice of the scalar depends on the second derivatives which are not easily seen. 
Influence of Incremental Steepest Descent or Newton’s method depends on the  value 
and it either may make the optimization technique proceed to a minimum at a very slow 
rate due to more influence by Incremental Steepest Descent method or the optimization 
technique may find a maxima or saddle point due to higher impact of the Newton’s 
method which is based on making the numerical values of the derivatives zero. The 
choice of the scalar is scale dependent. It may turn out to be too small or too large 
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depending on the Hessian elements. Hence, Dr. R. Russell Rhinehart modified the 
Levenberg-Marquardt technique to Rhinehart modified Levenberg-Marquardt (RLM) 
Technique. 
RLM1: The first modification for the Levenberg Marquardt optimization technique 
initially tests the selected DV by -weighted Incremental Gradient and Newton-Raphson 
(IGNR) method. In this technique, as opposed to Levenberg Marquardt method instead of 
using a high  value, the Incremental Gradient method is weighted by  and Newton-
Raphson by (1-) where 0    1. If this gave a better objective function value, then the 
optimization technique accepted the IGNR result as the new base case and reduces  so 
that it starts following the Newton-Raphson method. If the optimization technique gave a 
bad objective function value compared to the base case, then  value was increased 
making it to follow the Incremental Gradient (IG) method. The Incremental Gradient trial 
solution is then tested. If IG is better than the base case then the step size for IG is 
increased or else it is decreased. 
RLM2: In this version both IGNR and IG are simultaneously tested and the  value is 
varied depending on which method gives good objective function and which gives bad 
objective function. This version was considered for this study. 
RLM3: This version is similar to version 1 but has two enhancements. 1) It uses scaled 
variables for the steepest descent calculation so that the calculation becomes dimension 




RLM4: This version uses IG and Newton-Raphson search algorithm alternately. This 
optimization technique chooses the method that gives the best objective function value as 
the new base case and proceeds appropriately. 
Leapfrogging [31, 117]: This technique starts with a set of players (trial solution) located 
randomly in the decision variable space.  Each set of players acts as a swarm of particles. 
This technique relocates the position of the players by randomly reflecting the player 
with the worst objective function value across the player with the best objective function 
value at each iteration on an average half the distance from the player with the best 
objective function value. The basic driving philosophy for Leapfrogging is eliminating 
the decision variable values that give the worst objective function value. This method is 
robust and efficient in finding the minima. 
 
3.2.4 Multi Start Criterion [30] 
It happens most of the time that the optimization algorithms get stuck at local 
minima. In order to find the global minima, it is necessary that the optimizer search is 
initiated multiple times. The performance of the optimizer is decided on the SSD value 
(objective function) that it returns for each trial. In order that the optimization technique 
selects the best model parameter values so that it returns the best objective function it is 
important that the number of trials from random intializations is large enough. The VBA 
algorithm used for each of the optimizers is developed in such a way that each of the new 
trial starts with a random set of initial decision variable values. The number of initial 
trials required is given by the formula developed by [30] as 
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                                                             (3.17) 
Equation (3.17) gives the number of trials that is required for the desired probability (c) 
of atleast 1 of N reaching an optimum which represents the desired best fraction, f, of all 
possible solutions. 
 
3.2.5. Stopping Criterion [40, 116] 
A suitable stopping criterion is incorporated in the optimizer algorithm. Stopping 
criterion is to stop the optimization technique, its process, for each of the random set of 
initial values/guesses for the DV(s). Commonly, a convergence criterion is included to 
stop the optimizer or a overriding criterion is set so that the optimizer is made to stop 
whenever the number of trials exceeds a threshold value. There are several classic 
approaches to stopping criteria. The only best way to judge whether the stopping criterion 
is too severe or too lenient is to observe the results obtained. An a priori knowledge 
about the function, its behavior and the behavior of the optimizer is required to select 
suitable stopping criteria. 
 The stopping criterion employed in here is that the VBA code randomly selects a 
subset (RS) of model data for each iteration and calculates the root-mean-squared (RMS) 
deviations and terminates the optimization technique when the RMS-RS [115-116] value 
shows no major improvement with iteration number. There are several advantages 
associated with this stopping criteria technique. This stopping criteria technique is single 
criterion and scale-independent. Also, this technique does not require any kind of user-
chosen thresholds. There are ample number of ways to analyze the data for probable 
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steady state and transient conditions. This stopping criteria method terminates each of the 
iterations depending on a preset ratio of variance value, an R-statistic as measured on the 
same set of data. At steady state the expected value of the R-statistic is 1. However, a 
near steady state situation could generate a lower R-statistic value  1. So to be sure that 
the optimizer has converged, that there is no further improvement possible, that the RMS-





4.1 Composite scaffold generation [32, 40] 
Composed scaffolds were developed based on the concept that a blend of natural 
polymers with synthetic polymers resulted in superior quality scaffolds that were better 
than natural polymer scaffolds or synthetic polymer scaffolds individually. Poly Lactic 
and Glycolic Acid (PLGA), Poly Caprolactone (PCL) and Sub Intestinal Sub mucosa 




For generating polymer samples of Poly Lactic and Glycolic Acid (PLGA) composite 
scaffolds, two of the materials namely 50:50 (lactic and glycolic acid) PLGA polymer 
pellets along with ester terminated (nominal) with 90-120 kDa molecular weight (Mw), 
were purchased from LACTEL Absorbable Polymers (Pelham, AL). Gelatin type – A 
(300 Bloom) and Chitosan (200-300 kDa molecular weight (Mw), 85% DD) were 
purchased from Sigma Aldrich Chemicals (St.  Louis, MO), Aaper Ethyl Alcohol, 200
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 proof, chloroform and anhydrous were purchased from Pharmaco. PLGA scaffolds were 
developed by Mirani [40].  
 
2) PCL 
For the purpose of generating Polycaprolactone (PCL) scaffold, Polycaprolactone 
of 47 kDa (Mw) was obtained from Polysciences (Warrington, PA). Type A porcine skin 
gelatin (approximately 300 bloom), low molecular weight Chitosan (50 kDa based on 
viscosity), Toluidine Blue O (with 90% dye content, approximately) and 500 kDa DS 
(contains 0.5-2.0% phosphate buffer salts) were purchased from Sigma Aldrich Chemical 
Co (St.  Louis, MO).  Glacial acetic acid was obtained from Pharmaco Products Inc 
(Brookfield, CN).  Pure ethanol was purchased from AAPER (Shelbyville, KY). PLGA 
scaffolds were developed by Kornkorn [32] 
 
4.1.2. Scaffold Formation 
The PLGA composite scaffolds were prepared by 4 steps which is explained 
briefly [71]. Firstly, a thin PLGA film is formed by air drying PLGA solution (4 % 21 
wt/v) which is prepared by dissolving the polymer pellets in 5mL chloroform stirred 
overnight. This is placed on a 8cm×6cm Teflon sheet (United States Plastic, Lima, OH) 
on which is a chemical fume hood fixed to a flat aluminum plate in order to form the thin 
film. The PLGA film that is formed as a result of air drying has a smooth and 
hydrophobic surface. Secondly, in order to perform the etching process the formed PLGA 
film was submerged completely in 1N NaOH solution for 10 minutes. This process helps 
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to create roughness elements on the surface of the film which is smooth and also makes 
the PLGA film hydrophilic. Thirdly, the etched PLGA film is washed with excess water 
and holes are punched on the surface in a square pitch which are 1 cm apart from each 
other using a hammer and stainless steel needle. Finally, the PLGA film is layered with a 
3 mL mixture of 0.5 % (wt/v) gelatin and 0.5 % (wt/v) chitosan solution dissolved in 
0.7% (v/v) acetic acid, on both the sides and is freeze dried in a lyophilizer in order to 
form the porous layer. Scanning Electron Microscope (SEM) was used to analyze the 
etching on the surface of the thin PLGA films. 
For preparing PCL scaffolds, first, 3-4 mL of 10% (wt/v) PCL solution is 
prepared in glacial acetic acid. This solution was gently dropped on the surface of water 
in two inches diameter Teflon dish and was air dried until the matrix was completely 
formed. Neutralization of the matrix was done using ethanol for ten minutes. Neutralized 
matrix was then washed with water. “Top side” is the side that never touched water 
during formation and “bottom side” is the other side.  In order to accomplish better 
comparison of PCL matrices formation, PCL matrices were formed by air drying 2 mL 
PCL solution (10% w/v) in chloroform  
SIS also was utilized. SIS is a natural matrix rich in Type-1 collagen and the 
mechnical and physicochemical characteristics of the SIS matrix, such as thickness, 
permeability, ultrastructural properties and mechanical properties have been well 
characterized [1] and studied. SIS is a dense connective tissue which is obtained after 
removing the serosa, mucosa and muscle layers from the small intestine.   
The PLGA and SIS scaffolds were prepared by Rahul Mirani while the PCL 
scaffolds were prepared by Kornkorn Makornkaewkeyoon. 
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4.1.3 Tensile Test 
Initially, it is required to calculate the cross sectional area in order to perform the 
tensile tests. The thickness of the PLGA was measured using an inverted microscope [52, 
71] by placing orthogonally wide strips of the composite matrix. Sigma Scan Pro 
(SYSTAT Software, Point Richmond, CA) software was used for measuring the 
thickness of the composite scaffolds. This measurement was conducted at various 
locations of the composite scaffold and an average value was used for tensile testing 
purposes. The same procedure was used to calculate the thickness of the PCL and SIS 
samples. 
In order to do tensile testing, of freshly prepared samples, 5cm x 1cm rectangular 
strips were cut for PLGA and 12 mm x 30 mm rectangular strips were cut for PCL and 
were utilized for tensile testing in an INSTRON 5542 and INSTRON 5842 (INSTRON 
Inc., Canton, MA) mechanical testing machine respectively [56]. In brief, tests were 
performed at room temperature (25°C) for the dry condition and at 37°C for the wet 
condition (in phosphate-buffered saline (PBS) solution) [119]. The break stress and the 
corresponding strain were calculated using the software Merlin (INSTRON Canton, MA). 
Before performing the tensile test in the wet condition, for ten minutes the samples were 
incubated in 100% ethanol.  The first and second elastic modulii of the scaffolds were 
calculated using the slopes of the portions that were linear in the stress-strain curve. 
Tensile test on PLGA and SIS scaffolds were conducted by Rahul Mirani while 





4.2 Ramp-and-Hold Test [32, 40] 
In order to assess the viscoelastic properties of composite scaffolds, “Ramp-and-
Hold” stress relaxation type experiments were performed. Tensile analysis performed 
prior to this helped in fixing the operating range so that the break strain is not reached 
while conducting the “Ramp-and-Hold” experiments. There were two major portions in 
the “Ramp-and-Hold” experiments. They were the loading portion and the relaxation 
portion. Loading portion is where a constant rate of tensile strain is enforced on to the 
composite scaffold sample for a particular predetermined amount of strain. In the 
relaxation portion of the experiment there is zero rate of loading, instead the composite 
scaffold sample is held at the strain value that was recorded at the end of the completion 
of the loading portion. The viscoelastic pseudo-component models were developed for 
the stress vs time experimental data that resulted from the “Ramp-and-Hold” test 
experiments. “Ramp-and-Hold” test experiments were conducted for 4 or 5 stages each of 
which had one loading and relaxation period. 
Ramp-and-hold test on PLGA and SIS scaffolds were conducted by Rahul Mirani 
while the same on PCL scaffolds were conducted by Kornkorn Makornkaewkeyoon. 
 
4.3 Optimization 
Various optimization techniques Cyclic, RLM2 and Leapfrogging were used for 
determining the model parameters that best fit the experimental “Ramp-and-hold” data. 
The model parameters were adjusted by the optimizer so that the sum of squared 
deviations of the model from the experimental data for the entire range with 4 or 5 stages 
of sequential stretch-and-hold process is minimal. 
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The number of trials for which with 99% confidence the best-of-N random starts 
will result in one of the best 13% of all possible values for the SSD gives the N value as 
follows [30] 
                                           
          
          
 = 34                                                   (4.1) 
Hence 34 trials were required to determine the model parameters that best fit the 
experimental data. 
The code for the optimization techniques was written in VBA. The initial guesses 
for each start was guessed as a set of random numbers that were generated randomly by 
the VBA code. The optimization techniques were conducted on PLGA, PCL and SIS 
samples to determine the model parameters that best fit the experimental data. For each 
of the scaffold samples each of the composite models developed were used to get the 
model parameters and the results were compared. The optimization techniques namely 
Cyclic, RLM2 and Leapfrogging conducted on the samples and the results were 
compared. In order to compare the optimization techniques in terms of their robustness, 
efficiency, time consumption and mathematical complexity along with number of 
function evaluations (NOFE) that were required to get the optimized parameters the 
optimization techniques were tested for different scaffold samples for different composite 






RESULTS AND DISCUSSION 
 
5.1 Model fitting for PLGA, PCL and SIS 
The six composite 3 pseudo-component models developed were compared with 
the time-dependent experimental stress strain relationship as illustrated in Figure 5.1. 
Experimental tensile test data gave the stress-time relationship. From the data, the strain 
data was calculated using the strain rate. Strain increased in 4 or 5 stages, each with a 
ramp up in stress and then remained constant during which the material relaxed. Here it 
should be noted that for the same strain data, various experimental results were obtained 
i.e. due to experimental vagaries many experimental data sets gave higher or lower stress 
values. For each of the tissues one of the experimental data sets was considered for 




PLGA stress time data was obtained [40]. The strain rate for PLGA is 3.125%. 
With the help of the optimizer, the fitting of the experimental data with the six different 
composite models was tested. With 99% confidence that the best-of-N random
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starts will result in one of the best 13% of all possible values for the SSD gives the N 
value as 34 [30]. Observing the SSD, it was found that the composite Composite Model 4 
did a better job compared to other models. Composite Model 4 is a combination of hyper-
elastic spring with one retain component and a spring-and-dashpot component. 
Composite Model 4 gave a least SSD of 0.542 MPa
2
. Figure 5.1 shows the fitting of 
Composite Model 4 data with the experimental data. The dotted curve represents the 
experimental stress data while the continuous curve on it represents the modeled stress 
data. 
 




It can be seen in Figure 5.1 that the experimental data has a sharp rise in stress 
when the scaffold is strained and a rapid drop in stress with subsequent relaxation. Also, it 
can be seen that the rise in stress rise progressively increases with the same 50% strain 
increase. The experimental curve for the scaffold shows a good relaxation representation. 
Column 2 of Table 5.1 shows the lowest SSD values out of 34 trials for each of the 
different composite models along with their respective model parameter values that gave 
the least SSD. 
 
Table 5.1: SSD and parameter values for various composite models for PLGA 
 
A good approximation of the model data with the experimental data can be seen. In 
Figure 5.1 the dots represent the experimental stress time data. The solid line represents 
the generated strain time relationship. The continuous curve on the dots represents the 
fitting of the model data with the experimental data. It can be seen that the model data 
provides a close fit to the experimental data. The model as such captures large features 
like sharp rise in the stress value and immediate drop in stress values. Also, the model is 
able to capture the progressive increase in the stress value with the same 50% strain 
increase. Even then there are spots where the model does not capture the experimental 
behavior perfectly. Hence in general the model is good but not perfect as it does not 
provide an exact fit throughout. In this work, one model is used for all stages. One model 
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progressively fits all the stages. The number of model parameters, 8, which is fully 
adequate to Composite Model 4 successive strain-and-hold stages, is equivalent to the 
number needed for analytical models which could only model one strain and hold event.  
 
5.1.2 PCL  
PCL stress time data was obtained [32]. The strain rate for PCL is 1%. Like before 
the 6 composite models were tested for PCL data and the SSD was calculated for each of 
the composite model. It was found that composite Model 1 gave the lowest SSD of 0.395 
MPa
2
. Composite Model 1 is a combination of hyper-elastic spring with two spring-and-
dashpot components. Fig 5.2 shows the fitting of Composite Model 1 data with the 
experimental data for PCL data. 
 
Figure 5.2: Experimental and Modeled stress vs. time for PCL (Composite Model 1) 
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Figure 5.2 shows that the experimental curve shows a large initial stress increase 
and then shows nearly identical stress increase for subsequent strain. Also the 
experimental data does not show sharp peaks like PLGA. The models developed are 
flexible enough to capture peaks for PLGA and flattened peaks for PCL. Model data gives 
a better fit to the experimental stress time data for PCL scaffold. Composite model 1 did 
the best job compared to all other models. F-Test done for 315 data points by 
extrapolating F-critical value for 20, 30, 40, 60 and 120 data points showed that 
statistically significantly Composite Model 1 is better than Composite Model 4 at  95 % 
confidence level. Table 5.2 shows the lowest SSD values out of 34 optimizer trials for 
each of the different composite models along with their respective model parameter values 
that gave the least SSD among the 34 optimizer trials. 
 
Table 5.2: SSD and parameter values for various composite models for PCL 
 
When the material is elongated there will be a reduction in the cross sectional area 
of the material. Hence when the PCL scaffold is repeatedly stretched and relaxed it should 
be noted that there will be a reduction in cross sectional area. But Composite Model 1 is a 
combination of hyper-elastic spring with two spring-and-dashpot components. These 
components do not account for the reduction in cross sectional area. The models having 
retain and reform component which account for the reduction in cross sectional area could 
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not do a better job than the one that did not account for the reduction in cross sectional 
area. Although there is a possibility for internal tearing of the tissue with stretching and 
reduction in cross sectional area, the Composite Model 1 is consistent with the 
experimental data obtained with stretching. 
 
5.1.3 SIS 
 SIS stress time data was obtained [40]. The strain rate for SIS is 3.125%. The same 
kind of modeling that was done for PCL and PLGA was done for SIS data for 34 trials and 
the SSD was calculated for each of the models and was compared. Out of all the 
composite models tested, Composite Model 4, a combination of hyper-elastic spring with 
one retain component and a spring-and-dashpot component did the best job by giving a 
SSD value of 0.48 MPa
2
. Figure 5.3 shows the fitting of the experimental data with the 
model data.  
 
Figure 5.3: Experimental and Modeled stress vs. time for SIS (Composite Model 4) 
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Figure 5.3 shows that the experimental data shows sharp peaks similar to PLGA. 
The stress shows progressive increase from the previous value with subsequent strains. 
The experimental data also shows good relaxation representation. The model provides a 
good fit which is seen in Figure 5.3 but it is not perfect fit it is not providing an exact fit 
for the experimental stress in certain spots. But, as such, model stress time data obtained 
using Composite Model 4 and experimental stress time data are in close approximation. F-
test showed that statistically significantly Composite Model 4 is better than Composite 
Model 6. For all the 4 stages of “Ramp-up-and-hold” the same model was used. Table 5.3 
shows the SSD and parameter values for various composite models for the SIS data.   
 
Table 5.3: SSD and parameter values for various composite models for SIS 
 
For both PLGA and SIS scaffolds the pseudo component model with one retain 
component which accounts for the reduction in cross sectional area gives the best fit 
compared to others. In the case of PLGA and SIS the model that best fit the experimental 






5.2 Literature Data Validation 
 Transient stress relaxation data for Enzymatically Digested Bovine 
Annulus Fibrosus Tissue (EDBAFT) was obtained from Delphine. S. Perie, et al [120]. 
The composite models developed using the pseudo components were applied to this 
literature data. For validating the usage of these six composite models two criteria were 
tested. One of them being the sufficiency of models having eight parameters and other 
being that though there are nine parameters one of the pseudo component acts as a hyper-
elastic spring because of one very high time constant value. Figure 5.4 shows the fitting of 
literature data with model data. Composite Model 4 did the best job compared to other 
models. 
 




Table 5.4 shows the various model parameter values for various composite models along 
with their respective SSD values. 
 
Table 5.4: SSD and 8 parameter values for various composite models for EDBAFT 
s
 
It can be seen from the table that composite model 4 did a better job compared to 
other models. Composite Model 4 is a combination of a hyper-elastic spring with one 
retain component and a spring-and-dashpot component. 
The modeling of the experimental data was also done with nine parameters (three 
pseudo-components, each of which had A, B and  parameters). It was found that the least 
SSD value obtained was 8.33 MPa
2
. On comparing this with the least value obtained by 
using 8 parameters it was seen that there was not a statistically significant difference 
between the SSD values when the number of parameters were increased.  
Table 5.5 shows that the largest time constant values are very high for the 




Table 5.5: Largest time constant value for various composite models for EDBAFT 
 
A non-relaxing element would be a hyper-elastic spring. This validates the usage 
of eight parameter models for modeling the soft tissues. Hence we use Architecture C. 
 
5.3 Leapfrogging [31] 
Leapfrogging as an optimizer was compared with two other optimizers namely the 
Rhinehart modified Levenberg Marquardt (RLM2) [117] optimizer and R
3
 cyclic 
optimizer [117] for studying its efficiency and robustness. RLM2 algorithm is gradient 
based whereas both Leapfrogging and R
3
 cyclic are direct search techniques. In order to 
compare the various optimizers the least SSD of the model data from the experimental 
data was used. Also, the number of function evaluations (NOFE) for each of the 
optimizers is compared. NOFE is the measure of work that each optimizer takes to 
calculate the model values. Finally, the probability of getting a particular objective 
function (OF) value (here it is the sum of square deviation of the experimental data from 
the model data) for various optimizers is compared. The RMS-RS [115-116] stopping 
criteria is used for all the techniques. Leapfrogging had 20 players while R
3
 Cyclic had 
1.05 as the expansion factor and 0.8 times the inverse of the expansion factor i.e. 0.76 as 
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the contraction factor. Table 5.6 lists the SSD and NOFE for various optimizers, from best 
of N (34) trials, for PLGA, PCL and SIS scaffold. 
  
Table 5.6: SSD and average NOFE (ANOFE) values for various optimizers for PCL data 
 
It can be observed from Table 5.6 that Leapfrogging as an optimizer gives the least 
SSD value compared to other optimizers, but there is not much of a difference between the 
SSD values that each of the optimization technique gave. The major difference is seen in 
the number of function evaluations (NOFE) each of the optimizer takes to calculate the 
best model parameter values. While Leapfrogging needs function evaluations of the order 
of 4,000, RLM2 and Cyclic require almost 10 times more and 5 times more respectively. 
This clearly shows that Leapfrogging is better in terms of computational effort than the 
other two optimizers. 
Figure 5.5 shows the probability distribution function (PDF) of the OF for various 
optimizers vs the OF values. Each of the optimizer was run for 100 trials. The OF values 
obtained were arranged in ascending order and they were plotted again with the 




Figure 5.5: Probability density function for OF values using various optimizers on PCL 
data.  
 
Table 5.7 lists the probability of achieving OF value for various optimizers on the PCL 
data. This table also includes the average NOFE for 100 trials. 
 
Table 5.7: Probability of OF values and average NOFE values for various optimizers for 
PCL data 
 
From Table 5.7 it can be seen that in comparison to Leapfrogging and Cyclic, 
RLM2 gives a lower probability for all the OF values. Hence, it can be clearly seen that 
Leapfrogging and Cyclic have a higher probability of finding its global optimum, than 
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RLM2. This shows that direct search techniques do a better job than gradient based 
techniques for this regression challenge. Though there is a difference in the probability for 
finding that OF using Leapfrogging and Cyclic it should also be noted that the Cyclic 
optimization technique needs almost more than 5 times the NOFE of what Leapfrogging 
requires. The probability of getting an OF value using Leapfrogging and Cyclic techniques 
are almost the same. The NOFE value for Leapfrogging makes it a better optimizer than 
Cyclic. Hence, Leapfrogging was best suited as an optimization technique than RLM2 and 
Cyclic optimization technique. 
Leapfrogging as an optimization technique can be used with varying number of 
players. It is important to choose an optimized number of players in order to both 
minimize the computational burden and also to maximize the probability of reaching the 
global optimum value. Leapfrogging optimization technique was tested on PCL for 
various number of players. Table 5.8 presents the SSD value obtained for each of the 
different number of players along with the corresponding average NOFE. 
 
Table 5.8: SSD and ANOFE values for various number of players 
 
From Table 5.8 it can be clearly seen that optimization technique with 50 players 
did the best job. But, it can also be seen that there is statistically no significant difference 
between the SSD values between 50 and 20 players. But, there is statistically significan 
difference between 10 players and 20 players. Also, the table shows that as the number of 
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players increases the NOFE value increases. Judgment for an optimal choice between the 
SSD and the NOFE values is the usage of 20 players. Hence, for this study Leapfrogging 
as an optimization technique with 20 players was used. 
 
5.4 Model Extensions 
 The PLGA and SIS scaffold had four “ramp-up-and-hold” stages whereas PCL had 
five stages. The first three stages of the scaffold were modeled and the model parameters 
were used to project the model data to the rest of the stages. 
PLGA: 
 Out of the four “ramp-up-and-hold” stages, three stages were modeled using 
various Composite Models. Using the model parameters that gave the least SSD value for 
the three stages, the model was projected forward for the last stage. Figure 5.6 shows the 
model projection of composite Model 4 from 3 stages to 4 stages for a PLGA scaffold. 
 
Figure 5.6: Experimental and Modeled stress vs. time for PLGA (Composite Model 4) 
with model projection from first three stages 
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Table 5.9 lists the overall SSD values obtained for all stages using the model parameters 
obtained for modeling the first 3 stages for various composite models along with the 
model parameters. 
 
Table 5.9: SSD and parameter values for various composite models for PLGA 
 
Again from Table 5.9 it can be seen that Composite Model 4 does the best job in 
comparison with other models in terms of SSD value. But, the SSD value obtained is 
greater than the SSD values that were obtained when all the stages were considered which 
is described in Section 5.1. Though the models developed fit the first three stages their 
projection is not so good when compared to direct fitting of all the stages which is evident 
from the high SSD value obtained as opposed to that obtained from Section 5.1. This is 
because of the complex behavior of the real tissue which the model is not able to capture. 
But, still the Model 4 does a better job which is evident from the SSD value obtained.  
The same kind of modeling of first 3 stages and projecting it to the next 2 stages 
was done was done for the PCL scaffold. Since PCL scaffold had 5 stages the first 3 
stages were modeled and the model parameters were projected to model the next 2 stages. 
Similar to modeling all stages in Section 5.1 Composite Model 1 did a better job than 
other models. But, still like in the case with PLGA the model projection did not capture all 
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the complexity of the tissue behavior. Figure 5.7 shows the model projection on all the 
stages. 
 
Figure 5.7: Experimental and Modeled stress vs. time for PCL (Composite Model 1) with 
model projection from first three stages 
 
5.5 Multi Set Modeling 
 The code was modified to model multiple sets of experimental data in comparison 
to modeling of one set of data as was done before. The motivation was to capture 
experimental vagaries using the developed Composite Models. The experimental vagaries 
that were obtained in the data sets for each of the tissue was put together and was tried to 
be modeled using the Composite Models. Figure 5.8 shows modeling multiple sets of 
experimental data at the same time by using the Composite Model 1. 
 From Figure 5.8 it can be seen that though there were 2 sets of data for the same 
strain data, the model separately captured each of the experimental data but the fitting of 
the data was not so good which can be seen with the SSD value. Figure 5.8 shows the 




Figure 5.8: Experimental and Modeled stress vs. time for two data sets 
 
The same pseudo component modeling was applied to 5 data sets vagaries and it 
was found that the model did not capture the experimental data separately. The model 
could not individually fit the experimental data. It should be noted that the strain data for 
both the sets of data was nominally the same. This shows that the models developed when 
used to model multiple sets of data simultaneously at the same time were are not able to 
capture individual sets of data and give suitable model data that best matches the 






Figure 5.9: Experimental and Modeled stress vs. time for five data sets 
 
It is important to know that all these data sets have the same nominal strain rate and same 
strain data. The same modeling of multi data sets was done with data sets with different 
strain rates. But different models could not be obtained that could better fit the data 
separately. It can be clearly seen from the Figure 5.9 that models for the first two data sets 
almost merged with each other. Similar is the case with the models for data sets 3 and 4 





 The model could not give a better fit to the experimental data when multiple data 
sets were used. Hence the sensitivity of the model to slight variations in time was tested. 
The time instance at which the experimental stress data was recorded was slightly 
changed. For this changed time instance the new strain data was calculated. Only few time 
instances out of the entire range were varied. The pseudo component models were applied 
to the new set of data using Leapfrogging as an optimization technique. It was found that 
the model did not show any visible sensitivity to changes in time instance. 
 The sensitivity of each of the model parameters towards giving a best fit to 
experimental data was tested. Table 5.10 lists the sensitivity of each of the parameter for 
PLGA, PCL and SIS.  
 
Table 5.10: Sensitivity of each of the parameter on the SSD for each material 
 
 It is seen from Table 5.10 that the sensitivity of the elastic power constant of the 
hyper-elastic spring was the highest among all the parameters. A small change in the 
elastic power constant value caused a drastic change in the SSD of the model data from 







A useful model will be able to translate to other stress-strain situations. As a 
demonstration of the transferability of this model, Figure 5.10 shows the model response 
for a cyclic strain application. Strain is steadily increased until stress reaches an upper 
limit, decreased at the same rate until stress reduces to a lower limit, and subsequently 
repeated. Figure 5.10 shows the cycling data for the PLGA model Architecture C, 
Composite Model 4. 
 
Figure 5.10: Cycling curve for PLGA Model 4. 
 
The upper limit for the modeled stress was kept as 0.40 MPa whereas the lower 
limit was at 0.13 MPa for PLGA scaffold. Figure 5.10 shows that the strain progressively 
increases with each cycle, indicating that one of the components is reforming to the new 
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conditions. However, note that the strain increase between two consecutive cycles 
progressively decreases.  Eventually, not shown, subsequent cycles overlap each other. 
PLGA is an amorphous material. Figure 5.10 reveals that it does not “give” or “yield” 
much when strained. Continuous stretching and relaxing should as such keep cycling over 
the same cycle again and again. This behavior is similar to what would happen 
experimentally, further revealing transferability of the models to other situations.  
The same demonstration of transferability of the model that fit the experimental 
data was tested for PCL and SIS data. Figure 5.11 and Figure 5.12 show the cycling nature 
of the Composite Model 1 and Composite Model 4 for PCL and SIS respectively. 
 
Figure 5.11: Cycling curve for PCL Model 1. 
 
The limits were 1.8MPa and 0.8MPa for the PCL data. Transferability of 
Composite Model 4 for the SIS data could be better seen for the PCL data with the cycles 
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overlapping each other. PCL is semi-crystalline. Figure 5.11 reveals that PCL “gives” or 
“yields” when each strain stage is greater than about 5%. So repeated stretching and 
relaxing should keep expanding the material and it should not cycle again and again which 
is the same that is illustrated by the Composite Model 4. Stress gets accumulated 
progressively with successive application and removal of strain which is what is expected 
happen explaining transferability of the model. 
 
Figure 5.12: Cycling curve for SIS Model 4. 
 
 The upper and lower limits were respectively 0.30 MPa and 0.063 MPa for the SIS 
data. Here Figure 5.12 shows that the cycles overlap with each other as required and 
expected showing the transferability of the Composite Model 4. SIS is a perfect 
viscoelastic material. Repeated stretching and relaxing should make it cycle over the same 
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region again and again because as such there would be no stretching of the material which 
clearly explains the hysteresis of the viscoelastic material. This is very well seen from the 
behavior of the Composite Model which suggests that the Composite Model well captures 





CONCLUSIONS AND RECOMMENDATIONS 
 
6.1 Conclusion 
In order to accomplish the objective the following research was conducted: 
1) Six constitutive models were developed using combinations of any three of the 
four viscoelastic components namely hyper-elastic spring, spring-and-dashpot, 
reform and retain in parallel to model complex tissue structures. 
 
2) Various optimization techniques such as RLM2, Cyclic and Leapfrogging were 
tested for their efficiency and robustness in obtaining best set of model 
parameters. It was found that Leapfrogging did the best job in comparison with 
other optimizers and hence Leapfrogging was considered as the optimization 
technique for this study because of its robustness and effectiveness in finding the 
OF with lesser number of function evaluations. 
 
3) Testing of the six Composite Models on PLGA, PCL and SIS tissue scaffolds 
showed that Composite Model 4 which is a combination of a hyper-elastic spring
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with one retain and a spring-and-dashpot component modeled PLGA and SIS 
very well compared to other Composite Models. It was also found that Composite 
Model 1 best modeled PCL tissue scaffold. 
4) The sufficiency of the developed Composite Models having eight model 
parameters was tested and it was found that eight model parameters are enough to 
best model the complex tissue structures. 
 
5) The developed Composite Models were successfully tested on literature data. 
 
6) The Composite Models were tested for their efficiency in modeling first 2 or 3 
ramp-up-and-hold stages and hence project itself through other stages. They did 
not prove to be very efficient in terms of returning a better sum of square 
deviation value than what was returned by modeling all stages together. 
 
7) The Composite Models were used to model the experimental vagaries that was 
obtained for the same strain data. But they could not model the experimental 
vagaries. The models could match for stress vs time data for any sample, but there 
was little sample-to-sample consistency to say that model parameters represent 
the truth about the material. 
 
8) The six Composite Models were tested for their sensitivity and it was found that 
they were not sensitive to very small changes in the time data. 
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9) In order to accept the developed Composite Models, the Models were checked for 
their transferability, meaning that when model parameter values were obtained 
from sequential ramp-up-and-hold data, the parameterized models would generate 
cyclic stress-strain data which qualitatively matches the expectation. It was 
observed that the Composite Models demonstrated transferability for the tissues 
PLGA, PCL and SIS. 
 
10) The six Composite Models along with the optimization techniques were written as 
a code in MS Excel/ VBA which could be made available for convenient access. 
 
6.2 Future Work 
Recommendations for future work are: 
1) Modify the model in such a way that it can account for the experimental vagaries 
that are obtained as a result of experiments conducted. 
 
2) Modify the model to model few stages of “Ramp-up-and-hold” and hence project 
the future behavior of the tissue which would help in knowing how a real complex 
tissue would behave in future. Look at alternate pseudo-component models (fluid 
rearrangement). Re-consider “best” models by goodness of projecting. 
 
3) Generate experimental time-cyclic stress-strain behavior and see if 1) it can be 
used to generate models which reveal expected stress-time data for sequential 
ramp-up-and-hold conditions and 2) how well models developed from one test 
condition match behavior in the other. 
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4) Test the model on compression results. 
 
5) Improve uniformity of experimental data (of experimental films) so that models 
can be more critically tested for transferability to new conditions and model 
parameter values can be correlated to fundamental material properties (molecular 
weight, etc) 
 
6) Test under conditions that simplify the one-dimensional strain, perhaps on a  
larger sample. 
 
7) Create models that account for two-dimensional orientation and internal shear. 
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Scope and Method of Study:  
  
Understanding the response of human tissues to externally imposed stress and 
strain is critical to improving quality of life. This work explored regression approaches 
and modeling that aid discovery and describe mechanisms of soft tissue structures. 
 
 The scope of the study is to develop a non-linear, multi-component, viscoelastic 
model using pseudo-component approach and to optimize the model parameters to best 
match the time-dependent experimental stress-strain data. This study also does qualitative 
testing to test the appropriateness and utility of the model. The models are developed 
using nonlinear optimization technique in MS Excel/ VBA for convenient access for 
others. 
 
Findings and Conclusions:  
  
 Six composite models were developed using various combinations of viscoelastic 
components namely hyper-elastic spring, spring-and-dashpot, reform and retain 
component. Various optimization techniques such as RLM2, Cyclic and Leapfrogging 
were tested using the experimental stress time data and it was found that Leapfrogging 
was the most efficient and robust optimizer. 8 parameter models showed sufficiency in 
the number of parameters by best modeling PLGA, PCL and SIS data. The 
appropriateness of the models was studied by testing the models on literature data and 
also testing the models by generating cyclic stress-strain data. The models proved to be 
appropriate by returning expected results for the tests. The six composite models are 
made available for others along with the nonlinear optimization techniques as MS Excel/ 
VBA code. 
 
 
 
 
 
 
